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Effects of Atrial Fibrillation on Myocardial Blood Flow in the Ischemic
Heart of the Dog
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Atrial fibrillation has a variable effect on myocardial
blood flow in the intact heart. To assess its action on
myocardial blood flow in the ischemic heart, measure-
ments were made in nine dogs after ligation of the left
anterior descending coronary artery before and during
atrial fibrillation and with atrial pacing at the average
ventricular response during atrial fibrillation. During
atrial fibrillation, cardiac output decreased (from 2.4 ::!::
0.2 to 1.5 ::!:: 0.2 liters/min, p < 0.001) and mean aortic
pressure decreased (from 90 ::!:: 9 to 72 ::!:: 7 mm Hg, p
< 0.001). Mean myocardial blood flow decreased from
63 ::!:: 9 to 51 ::!:: 9 mlfminper 100g. Althoughmyocardial
blood flow decreased in ischemic myocardium (from 28
::!:: 5 to 16 ::!:: 2 mlfmin per 100 g, P < 0.001), in non-
ischemic myocardium the changes were more variable
Atrial fibrillation has a variable influence on myocardial
blood flow in the intact heart. Although some studies have
shown an increase in blood flow with this arrhythmia 0-3),
others have demonstrated a decrease (4,5). We have found
in the anesthetized (6) and conscious dog (7) that there is,
indeed, such an inconstant response, so that on the average
myocardial blood flow does not change with atrial fibril-
lation. This nonuniformity of myocardial blood flow change
is due at least in part to the variability of the hemodynamic
responses that may ensue with atrial fibrillation. With this
arrhythmia, however, myocardial blood flow still reflects
oxygen consumption and the hemodynamic determinants of
oxygen demand (6).
Because the effects of atrial fibrillation on blood flow
might be different in the ischemic heart, myocardial blood
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(from 71 ::!:: 8 to 61 ::!:: 8 mlfmin per 100 g, p = NS).
During atrial pacing, mean and nonischemicregional
myocardial blood flow were comparable with that in
atrial fibrillation, whereas in the ischemic region, myo-
cardial blood flow (20.3 ::!:: 3 versus 14.6 ::!:: 2.3 ml/min
per 100 g, p < 0.01) and left ventricular inner/outer
layer ratio (0.43 ::!:: 0.07 versus 0.32 ::!:: 0.06, P < 0.05)
were lower. ST segment elevation increased with both
atrial fibrillation (by 89 ::!:: 31%, P < 0.05) and atrial
pacing (by 51 ::!:: 28%).
Thus, atrial fibrillation has an unfavorable influence
on myocardial blood flow in the ischemicheart and wors-
ens myocardial ischemia. This effect is at least in part
due to the rapid ventricular rate.
flow was measured during atrial fibrillation in the presence
of coronary occlusion. To determine whether such changes
worsen myocardial ischemia, alterations in ST segment el-
evation, derived from epicardial electrograms, were con-
comitantly assessed. The effects of atrial tachycardia, sim-
ulated by atrial pacing, were also contrasted with those of
atrial fibrillation.
Methods
Experimental preparation. Nine mongrel dogs weigh-
ing between 15 and 36 kg were anesthetized with alpha-
chloralose, 100 mg/kg, administered intravenously. No ad-
ditional anesthesia was given during an experiment. All dogs
were intubated and ventilated with a Harvard respirator. A
left thoracotomy was performed and the heart was suspended
in a pericardial cradle. Fluid-filled catheters were positioned
in the aorta, inferior vena cava and left atrium, and a Millar
catheter-tipped micromanometer was positioned in the left
ventricle through an apical cannula. Stainless steel elec-
trodes were attached to the anterior surface of the left ven-
tricle just beyond the origin of the diagonal branch for re-
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Table 1. Summary of Hemodynamic Measurements in Nine Dogs
Heart rate (min - I)
CO (liters/min)
AoP (mm Hg)
LAP (mm Hg)
dP/dt (mm Hg , S-I)t
TIl (mm Hg . s/minj]
Control
146 ± 7
4.2 ± 0.2
90 ± 9
II.I ± 1.0
1,683 ± 205
3,867 ± 268
AF
209 ± 6*
1.5 ± 0.2*
72 ± 7*
15.8 ± 1.2*
1,225 ± 158*
2,961 ± 301
Atrial
Pacing
214 ± 16*
1.20 ± 0.1*
79 ± 9
17.6 ± 1.9*
1,245 ± 138*
3,360 ± 435
AF
213 ± 18*
1.2 ± 0.1*
72 ± 7*
13.2 ± 0.9*t
1,058 ± 130*
2,702 ± 254*+
*p < 0.05 versus control; tdata obtained in only eight dogs; +p < 0.05 versus pacing. Values are reported as mean ± SEM. AF = atrial fibrillation;
AoP = mean aortic pressure; CO = cardiac output; dP/dt = peak rate of left ventricular pressure rise; LAP = mean left atrial pressure; TIl = tension-
time index.
or scandium-46 using the method of Domenech et al. (II).
After the dog had been killed, the heart was removed and
the left ventricle trisected transversely into apical, middle
and basal sections. These slices were then cut into quarters
containing the septum, and the anterior, lateral and posterior
walls. Each of these tissue segments was divided into an
inner and an outer layer. All tissue samples were used to
determine mean myocardial blood flow, whereas only the
samples from the posterior and lateral segments of the basal
slice were considered for measurements of nonischemic
myocardial blood flow, and those from the anterior and
lateral segments distal to the occlusion considered for isch-
emic myocardial blood flow. Tissue from the ischemic re-
gion had blood flow less than 50% of the mean myocardial
blood flow of the left ventricle.
All tissue samples were weighed to the nearest milligram
and counted in a well-type sodium iodide scintillation counter,
Appropriate energy windows and standard techniques were
used for isotope separation (II). To reduce further any error
that might be introduced by contaminant activity from ac-
companying isotopes and background, the order of isotopes
was randomized for each experiment.
Flow to each area of myocardium (ml/min per 100 g)
was calculated using the formula:
Cr x Wt
cording epicardialelectrograrns,and to the left atrial appendate
for atrial pacing. Ligatures were placed around the left an-
terior descending coronary artery and ligated, first distal to
a diagonal branch and then just proximal to it, as suggested
by Harris (8), as a means of reducing the incidence of
ventricular fibrillation. To maintain catheter patency, 6,000
units of sodium heparin were administered.
Measurements. Pressures were measured with a Sta-
tham 23Db strain gauge manometer, with zero reference
taken as the mid chest with the dog in a right lateral decubitus
position. All pressure measurements were made over an
entire respiratory cycle, and the mean value of such a de-
termination was used. The first derivative of the left ven-
tricular pressure pulse (dlvdt) was obtained with a catheter-
tipped micromanometer that was calibrated in vivo using a
fluid-filled catheter positioned in the left ventricle. The ten-
sion-time index of Sarnoff et al. (9) was calculated by plan-
imetry of the left ventricular pressure curve in systole.
The degree of myocardial ischemia was estimated from
ST segment elevations recorded on electrograms (10) ob-
tained from stainless steel electrodes. These electrodes were
sutured with a large gauge, noncutting needle less than I
mm into the epicardium in the region heretofore perfused
by the occluded vessel and attached to an electrocardio-
graphic V lead. The sum of the ST segment elevations was
compared with that of the control post-ischemic tracings and
expressed as percent change.
Myocardial blood flow was measured with 15 JL micro-
spheres labeled with strontium-85, cerium-141, iodine-125
Table 2. Myocardial Blood Flow
where Qm
Qr x Cm x 100
Qm =
myocardial blood flow (mllmin per 100 g),
Atrial
Myocardial Blood Flow Control AFI Pacing AF2
(mllmin per 100 g) (n = 9) (n = 8) (n = 9) (n = 9)
MBF 63 ± 9 51 ± 9 51 ± 7 50 ± 6
NIZ 71 ± 8 61 ± 8 64 ± 7 59 ± 5
IZ 28 ± 5 16 ± 2* 15 ± 2* 20 ± 3t
*p < 0.05 atrial fibrillation versus control; tp < 0.05 atrial fibrillation versus pacing. AFI and AF2 =
first and second periods of atrial fibrillation; IZ = ischemic region; MBF = mean blood flow; n = number
of dogs; NIZ = nonischemic region.
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Control AFI
(n = 9) (n = 8)
NIZ 1.15 ± 0.10 1.19 ± 0.12
IZ 0.44 ± 0.04 0.35 ± 0.04*
Atrial
Pacing
(n = 9)
0.96 ± 0.04
0.32 ± 0.06*
AF2
(n = 9)
1.08 ± 0.07
0.43 ± 0.07t
*p < 0.05 versuscontrol; tp < 0.05 versuspacing. Values are reported as mean ± SEM. Number of dogs
is indicated in parentheses. Abbreviations as In Table 2.
Cr
Qr =, reference blood flow (mllmin), Cm == total counts
in the myocardial sample, Cr == total counts in the reference
sample and Wt == weight of the sample (in grams).
Cardiacoutput (CO) (in liters/min) was calculated using
the formula:
Qr x Ci x 10- 3
CO =
where Ci == total counts of isotopes injected. Calculations
of flow were performed with an IBM Systems 38 computer.
Induction of atrial fibrillation. Atrial fibrillation was
induced by pacing the left atrium with a train of electrical
stimuli, at least at twice the diastolic threshold, at cycle
lengths sufficiently reduced to produce atrial fibrillation.
After induction of atrial fibrillation, pacing was stopped
and the electrocardiogram and atria were examined to ensure
that atrial fibrillation persisted spontaneously for at least 5
to 10 seconds. To prevent spontaneous reversion to sinus
Figure 1. Myocardial blood flow (MBF) differences from atrial
pacing to atrial fibrillation. In the ischemic region (IZ), atrial
fibrillation produced a higher blood flow and a higher left ven-
tricular inner/outer layer flow ratio than did atrial tachycardia.
Values at the baseline are those during atrial pacing, just before
atrial fibrillation. Left panel shows changes in blood flow; right
panel shows changes in inner/outer flow ratio. MBF == mean blood
flow; NIZ == nonischemic zone.
0.2
*
*
rhythm, pacing was continued during the entire period that
hemodynamic, myocardial blood flow and electrocardio-
graphic determinations were made in atrial fibrillation. The
electrocardiogram was recorded concomitantly with all de-
terminations to ensure that the rhythm had not reverted to
normal.
Experimental protocol. Fifteen minutes after hemo-
dynamic and electrocardiographic stabilization, control
hemodynamic, myocardial blood flow and electrocardio-
graphic determinations were made. These studies were re-
peated after the induction of atrial fibrillation. After mea-
surements were made, electrical stimulation of the left atrium
was stopped and the rhythm was allowed to return to sinus
rhythm. Fifteen minutes after this had occurred, atrial pacing
at the rate equal to the average ventricular response observed
during atrial fibrillation was performed and measurements
were repeated. After these determinations, atrial fibrillation
was again produced, and the data were contrasted with those
during atrial pacing. Atrial pacing was then stopped and
sinus rhythm allowed to return.
Statistical analysis. Data were analyzed by analysis of
variance. When a significant difference was found, the New-
man-Keuls method for detecting intergroup differences was
used (12). Student's t test for paired data, using Dunnett's
table for multiple comparisons with the same control, was
also used for determining statistical significance of changes
(13). A probability value of less than 0.05 was considered
statistically significant. Data are expressed as mean values
± standard error of the mean.
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Results
Atrial fibrillation. Table 1 summarizes the hemody-
namic changes in the nine dogs. Atrial fibrillation produced
an increase in ventricular rate and mean left atrial pressure
and a decrease in mean aortic pressure, dP/dt and tension-
time index. Myocardial blood flow changes that accom-
panied the hemodynamic changes are shown in Table 2.
Although mean, nonischemic and ischemic regional myo-
cardial blood flow decreased with atrial fibrillation, only in
the ischemic region was the reduction in flow statistically
significant, decreasing by an average of 12 ± 3 mllmin per
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Figure 2. Representative epicardial electrograms from two sites
in an ischemic region. Significant increases in ST segment ele-
vation occur during atrial fibrillation compared with control and
atrial pacing.
Discussion
The present study demonstrates a decrease in blood flow
with atrial fibrillation in ischemic myocardium. The reduc-
tion in myocardial blood flow ensued in tissue most at jeop-
ardy from such a change, namely, the inner layer of the left
ventricle in the ischemic region (14). Worsening of myo-
cardial ischemia was also suggested by a concomitant in-
crease in the ST segment elevation recorded in the zone of
ischemia. Under the same experimental conditions, atrial
tachycardia at a rate equal to the average ventricular re-
sponse with atrial fibrillation produced more favorable
hemodynamics, but a lower myocardial blood flow and smaller
left ventricular inner/outer layer flow ratio in the ischemic
region than that observed with atrial fibrillation.
Atrial fibrillation versus atrial tachycardia. Better
cardiac function with atrial tachycardia is related to pres-
ervation of atrial contraction, which is especially important
with the shortening of the left ventricular filling period that
occurs at a rapid heart rate (15). Furthermore, the irregu-
larity of the ventricular response in atrial fibrillation may
result in fewer effective ventricular contractions and, there-
Tables 2 and 3 and Figure 1 contrast the concomitant myo-
cardial blood flow findings. Mean blood flow and blood
flow in the nonischemic region were not different; however,
average myocardial blood flow in the ischemic region was
significantly higher with atrial fibrillation than with atrial
pacing. Moreover, the left ventricular inner/outer layer flow
ratio was also higher with atrial fibrillation.
ST segment elevation. Representative epicardial elec-
trograms recorded from two sites in the ischemic myocar-
dium in an experiment are shown in Figure 2. Figure 3
shows the percent changes of the sum of ST segment ele-
vations from that in sinus rhythm to those in atrial fibrillation
and atrial pacing at a comparable ventricular rate. ST seg-
ment elevation increased by 45 ± 18% (p < 0.05) during
atrial fibrillation and by 89 ± 31% (p < 0.05) when atrial
fibrillation was reinduced after atrial pacing. An interme-
diate change (51 ± 28%) was observed during atrial pacing;
however, because of greater variability, this change was not
statistically significant. In the five dogs in which sinus rhythm
reverted after the second episode of atrial fibrillation, ST
segment elevation was not different from control values.
*
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100 g (p < 0.05). Moreover, the left ventricular inner/outer
layer flow ratio, which was already markedly reduced in
the ischemic region, decreased further with atrial fibrillation
by 0.09 ± 0.03 (p < 0.05)(Table 3). Thus, in the ischemic
heart, atrial fibrillation produced a marked deterioration of
cardiac hemodynamics and a significant decrease in blood
flow in ischemic myocardium.
Atrial pacing. To ascertain the importance of heart rate
in producing these changes, the studies were repeated at the
same average rate observed with induction of atrial fibril-
lation. The hemodynamic findings during atrial pacing at
an average rate of 214 beats/min - I and atrial fibrillation
with an average ventricular response of 213 beats/min - I
are shown in Table 1. Although cardiac output and mean
aortic pressure were the same for both experimental con-
ditions, there was an increase in mean left atrial pressure
(by 4.4 ± 1.7 mrn Hg)(p < 0.05), peak positive dP/dt (by
191 ± 81 mm Hg/s)(p = 0.05) and the tension-time index
(by 658 ± 256 mm Hg . s/min)(p < 0.05) with atrial pacing.
Figure 3. Changes in ST segmentelevation in epicardial electro-
grams. Significant increases occurred during atrial fibrillation (AF).
ST segment elevation did not increase significantly with atrial
pacing (PACE) and returned to control values when atrial fibril-
lation reverted to sinus rhythm (POST). Values in parentheses
indicate number of dogs.
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fore, .1 reduction in minute work, In contrast, the hemo-
dynamic differences result in more favorable conditions for
myocardial blood flow with atrial fibrillation: since left ven-
tricular myocardial blood flow occurs predominantly in di-
astole, tachycardia-induced shortening of this period would
be expected to reduce blood flow in the ischemic myocar-
dium ': 16). Although both atrial fibrillation and atrial tachy-
cardia had the same number of ventricular depolarizations,
in atrial fibrillation fewer effective contractions ensued and,
therefore, the diastolic filling period per minute was actually
longer Also, the higher left ventricular diastolic pressure
with atrial tachycardia, caused by a more abbreviated left
ventncular relaxation time and the increased pressure gen-
erated by atrial contraction, may also have contributed to
the differences in myocardial blood flow in the ischemic
region, especially in the inner layer of the left ventricular
wall where such tension would be highest (17).
Blood flow in ischemic myocardium. In nonischemic
myocardium, the tachycardia-induced increase in myo-
cardial oxygen demand is the paramount influence deter-
mining blood flow; a reduction in coronary resistance gen-
erally offsets the adverse pressure effects (18-21). In ischemic
myocardium, however, tachycardia may produce a decrease
in blood flow even though oxygen requirements are in-
creased, because the vasodilatory reserve has already been
used and resistance cannot be lowered further to compensate
for the decrease in the perfusion gradient (22,23). Moreover,
these differences in vascular responsiveness may also produce
the milieu for "coronary steal. "
Blood flow in nonischemic myocardium. Even under
the conditions of a patent coronary circulation, suboptimal
myocardial blood flow has been described with atrial fi-
brillation (6) and suggested in some studies with atrial tachy-
cardia (19,24). During atrial fibrillation, myocardial oxygen
extraction increases (3,6), even though average myocardial
oxygen consumption and myocardial blood flow may not
change (6). This effect of atrial fibrillation is exaggerated
by propranolol (25) and abolished by alpha-adrenergic
blockade (3). Also, after atrial fibrillation has reverted to
normal, coronary vasoconstriction persists in the presence
of beta-adrenergic blocking agents (25), Hence, in response
to the hemodynamic changes produced by atrial fibrillation,
reflex.neurohumoral vasoconstrictive effects may occur that
can Impede coronary blood flow and last even after atrial
fibnllation reverts to sinus rhythm.
Implications. During atrial fibrillation with a rapid ven-
tricular response, myocardial blood flow changes are vari-
able, reflecting the nonunifonnity of the hemodynamic re-
sponses that occur with atrial fibrillation, although myocardial
blood flow still reflects myocardial oxygen consumption.
However, the increase in myocardial oxygen extraction ob-
served during atrial fibrillation indicates that blood flow is
inadequate to satisfy myocardial oxygen requirements. This
disturbance in myocardial flow is a reflection of the decrease
in perfusion pressure, the increase in left ventricular filling
pressure, the shortening of the diastolic filling period and
the occurrence of secondary reflex changes. Although these
changes appear to have little overall impact on the myo-
cardial oxygen demand-supply relation in the presence of
an intact coronary circulation, in the ischemic myocardium,
which is more sensitive to adverse hemodynamic conditions,
myocardial blood flow decreases and ischemia worsens.
We express our appreciation to Daisy Frankson for her capable secretarial
assistance.
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